Abstract-Designing energy-efficient all-to-all multicasting protocols is of of great importance for multi-hop wireless networks such as wireless sensor networks and wireless ad hoc networks. In an all-to-all multicast session, there exists a set of wireless destination nodes, and each destination node needs to send some data packets to all other destination nodes. We consider the problem of building a shared multicast tree spanning the destination nodes such that the total energy consumption of realizing an all-to-all multicast session using the shared multicast tree is minimized. Since building such a multicast tree has been proved to be NP-complete, we provide both centralized and distributed approximation algorithms with provable approximation ratios for it. When the transmission power of each wireless node is fixed, our centralized and distributed algorithms have the approximation ratios of 4ln(∆ + 1) + 7 and 13, respectively, where ∆ is the maximum node degree in the network. When the transmission power of each wireless node is adjustable, both of our centralized and distributed algorithms have the constant approximation ratio of 145.
I. INTRODUCTION
Multicasting is a crucial component of multi-hop wireless networking, and it has been applied to support data dissemination tasks for distributed data management (e.g. [1] ). Therefore, designing energy efficient multicast protocols is of great importance. Most of the existing energy-efficient multicasting algorithms concentrate on one-to-many multicasting where one source node needs to transmit data packets to a set of receiver nodes in the network. A common approach of designing such protocols is to build a multicast tree that spans the source node and the receiver nodes, and data sent by the source node are routed through the multicast tree to reach the receiver nodes. Compared with multicasting protocols in wired networks, the wireless broadcasting advantage is leveraged in wireless multicasting protocols to save more energy. However, it has been well known that building a minimum-energy multicast tree in wireless networks is a NP-hard problem, and many approximation algorithms and heuristics have been proposed [2] - [5] .
Surprisingly, although the one-to-many multicasting problem has been studied extensively, there is little work on all-toall multicasting in multi-hop wireless networks. In an all-toall multicast session, there are a set of destination nodes, and This paper is a shortened version and only presents the main theorems and proofs. The full version of this paper is under submission. each destination node must transmit some data packets to all other destination nodes. There are lots of applications of all-toall multicasting in wireless networks such as online meeting, network gaming and resource sharing. We believe that with the continuous development of the wireless technology, more and more wireless applications will use all-to-all multicasting as a basic operation. Therefore, designing energy-efficient all-to-all multicasting algorithms is imperative.
One naive way for designing an energy-efficient all-toall multicasting protocol is to employ the existing one-tomany multicasting protocols-that is, constructing an energyefficient one-to-many multicasting tree for each destination node. However, such a method results in lots of multicast trees in the network, and maintaining these multicast trees will cause extra computation and communication overhead. Therefore, a more energy-efficient way is to construct a shared multicast tree spanning the destination nodes as a "multicast backbone". However, building such a shared multicast tree for the minimum-energy all-to-all multicasting problem was proved to be NP-hard by Liang et.al. [6] , and they proposed several approximation algorithms. However, although [6] has provided provable approximation ratios for their algorithms, their approximation ratios are in the same order with |N |, where N is set of destination nodes. Considering there may be a lot of destination nodes in an all-to-all multicast session, such approximation ratios are far from satisfactory.
In this paper, we study the Minimum-Energy All-to-all Multicasting(MEAM) problem in multi-hop wireless networks and try to build a shared multicast tree such that realizing an all-to-all multicast session using the shared multicast tree is minimized. We propose approximation algorithms with garanteed approximation ratios for the MEAM problem both under the case of fixed transmission power and under the case of adjustable transmission power. Our algorithms exponentially improve the best known results. The contributions of this paper can be summarized as follows: 1) When the transmission power of each wireless node is fixed, we propose a centralized approximation algorithm with the performance ratio of 4ln(∆ + 1) + 7, where ∆ is the maximum node degree in the network. This result exponentially improves upon the the best-known centralized (2(|N | + 1))-approximation algorithm proposed in [6] . 2) When the transmission power of each wireless node is fixed, we also propose a distributed 13-approximation algorithm for the MEAM problem, which greatly improves upon the best-known Ω(4|N | 2 )-approximation distributed algorithm provided by [6] . 3) When the transmission power of each wireless node is adjustable, we prove that the MEAM problem can be approximated using a centralized or distributed approximate Minimum Steiner Tree(MST) algorithm with the constant performance ratio of 145. This result greatly improves the best-known approximation ratio of Ω(8|N |) in this case [6] .
II. RELATED WORK
The minimum-energy one-to-many multicasting problem has been studied in [2] - [5] . Wieselthier et al. [2] considered a scenario where each node can adjust its transmission power continuously, and proposed several greedy heuristics for the minimum-power broadcast/multicast routing problems. Wan et al. [3] proved that the heuristics proposed by [2] have linear approximation ratios, and provided several approximation algorithms with constant approximation ratios for the minimumenergy multicasting problem based on the approximate minimum Steiner tree algorithm. Liang [4] considered a scenario in which each wireless node can adjust its transmission power in a discrete fashion, and the communication links are symmetric. He proposed a centralized approximation algorithm with performance ratio 4ln|N | for building a minimum-energy multicasting tree, where N is the set of destination nodes in a multicast request. Li et al. [5] considered a case in which all nodes have a fixed transmission power and the communication links are asymmetric. They converted the minimum-energy multicasting problem to an instance of the Directed Steiner Tree (DST) problem, and presented several heuristics.
To the best of our knowledge, the only work that studied the minimum-energy all-to-all multicasting problem is [6] . In [6] , Liang et.al. tried to build a shared multicast tree such that the total energy consumption of realizing an allto-all multicast session using the shared tree is minimized. They proved that finding such a shared tree is a NP-complete problem, and used the approximate MST algorithm proposed by [7] to solve the problem. When the transmission power of each node is fixed, they proved that the approximate minimum Steiner tree has an approximation ratio of 2(|N | + 1) for the MEAM problem, where N is the set of destination nodes. When the transmission power of each node is adjustable, they proved that the approximate minimum Steiner tree has an approximation ratio of Ω(8|N |). They also proposed a distributed approximation algorithm for the MEAM problem which has the performance ratio of Ω(4|N | 2 ).
III. PRELIMINARIES AND PROBLEM DEFINITION
A multi-hop wireless network is modeled by an undirected graph G = (V, E), where V is the set of wireless nodes in the network and E is the set of wireless links. The nodes in V are distributed in a two dimensional plane and each node is equipped with an omni-directional antenna. Each node in V has a unique ID. We assume that the transmission power of each node can be either fixed(and identical) or be adjustable continuously. When the transmission power is fixed, we use ε s to denote the energy consumption of transmitting a data packet by any node. When the transmission power is adjustable, the energy required by any node u to transmit a data packet to another node v can be determined by the Euclidean distance between u and v. Following a very common formula, we define such energy consumption to be d
is the Euclidean distance between u and v and α is a constant(usually between 2 and 5). In either case, we assume that each link (u, v) ∈ E is assigned a weight which is the amount of energy required for u to send a data packet to v(or vise versa). We also assume that the energy consumption for receiving a data packet(denoted by ε r ) is always less than the energy consumption for transmitting a data packet.
In an all-to-all multicast session, there exists a set of destination nodes N ⊆ V , and each node u in N needs to send p(u) data packets to all other nodes in N \{u}. We denote by k the sum of the numbers of data packets originated from the destination nodes, that is, k = v∈N p(v). As we mentioned before, instead of building |N | multicast trees originated from each node in N , building a shared multicast tree spanning the nodes in N is more convenient in realistic settings. Therefore, the Minimum-Energy All-to-All Multicasting(MEAM) problem is: how can we build a shared multicast tree T opt such that the energy consumption of realizing an all-to-all multicast session using T opt is minimized? The work in [6] has proved:
For convenience of description, we define some other notations here. For any multicast tree T in G, we denote by nd(T ) the set of nodes in T , denote by lv(T ) the set of degree-one nodes in T , denote by in(T ) the set of internal nodes(nodes with degree more than one) in T , and denote by Ψ(T ) the total energy consumption of realizing an all-to-all multicast session using T . For any node u in G, we denote the set of neighboring nodes of u in G by neighbors(u, G).
IV. CENTRALIZED APPROXIMATION ALGORITHMS FOR
THE MEAM PROBLEM In this section, we propose two centralized approximation algorithms for the MEAM problem, which are for the fixedtransmission-power case and for the adjustable-transmissionpower case, respectively.
A. Approximation Algorithm for the Fixed-TransmissionPower Case
When the transmission power of each node is fixed, the bestknown centralized approximation algorithm for the MEAM problem is the algorithm proposed by Liang et. al [6] , which has an approximation ratio of 2(|N | + 1). In their work, they compute an approximate minimum Steiner tree as the solution to the MEAM problem. However, since |N | = O(|V |), this is a loose approximation ratio. Furthermore, we argue that an optimal steiner tree may consume much more energy than the optimal multicast tree for the MEAM problem, which implies that using the MST algorithms to approximate the MEAM problem could be unsuitable. This can be explained by the example shown in Fig. 1 . In Fig. 1 , we can see that the optimal steiner tree T 1 has the energy consumption of 6646 in the all-to-all multicast session, whereas the optimal solution to the MEAM problem is the tree T 2 , which has the energy consumption of only 4848. The reason for this phenomenon is that, although the optimal steiner tree T 1 has the minimum number of nodes, it has more internal nodes than T 2 ; therefore, more energy is consumed by the internal nodes in T 1 .
This example provides a motivation to us: since the internal nodes in the multicast tree is the nodes with heaviest loading in the all-to-all multicast session, how about building a multicast tree with a small set of internal nodes to reduce the energy consumption? Our first algorithm(Algorithm 1) is based on this motivation.
In
Step 1-7 of Algorithm 1, we use a greedy strategy to find a small node set P that can cover all the nodes in N . In each loop, we first find a node v whose value of |σ(v) ∩ T C| is the maximum(Step 4), then we add v into P (Step 5) and update T C(Step 6). After the node set P is found, we use an approximate MST algorithm to construct a tree Q, which is used to connect the nodes in P (Step 8). The tree serves as a "backbone" in the all-to-all multicast session, and we connect other destination nodes not in Q to Q(Step 9). In the last step of Algorithm 1, we delete un-necessary nodes to make sure that any degree-one nodes in T A is a destination node in N .
Next, we prove that the approximation ratio of Algorithm 1 is 4ln(∆ + 1) + 7, which is an exponential improvement of the approximation ratio provided by Liang [6] . The proof is presented in Lemma 2, Lemma 3 and Theorem 1. In Lemma 2, we provide an upper bound of the number of the internal nodes in T A . In Lemma 3, we provide two lower bounds of the total energy consumption of any mulicast tree for the MEAM problem. These bounds are used by Theorem 1. In Theorem 1, we prove the approximation ratio of Algorithm 1 based on the approximation ratios of the greedy set covering algorithm and the approximate MST tree algorithm. 
end while 8: Use the algorithm proposed by Mehlhorn [8] to construct an approximate minimum Steiner tree Q that spans the nodes in P ; 9: For each node u ∈ N \nd(Q), pick an arbitrary node u in neighbors(u, G) ∩ P , and connect u to Q by adding the edge (u, u ) to Q. After all the nodes in N \nd(Q) are connected to Q, we get a tree Q that spans the nodes in N ; 10: Construct a multicast tree T A from Q by deleting edges in Q , if necessary, so that all the degree-one nodes in T A are in N ; 11: return T A ; Lemma 2: Let T I be the multicast tree spanning the nodes in N such that |in(T I )| is minimized. Then we have: |in(T A )| ≤ (4ln(∆ + 1) + 6)|in(T I )|;
Proof: Let Q * be the optimal Steiner tree that spans the nodes in P . So |nd(Q)| − 1 ≤ 2(|nd(Q * )| − 1). On the other hand, it is easy to know |in(T A )| ≤ |in(Q )| ≤ |nd(Q)|. Therefore, we have:
Let T x be the tree constructed from T I by pruning all the degree-one nodes in T I (We assume |nd(T x )| = 0, otherwise, the proof is trivial). For any node u ∈ P \nd(T x ), we can find a node u 1 ∈ N such that u is adjacent to u 1 . If u 1 is not in T x , then there must exist a node u 2 in T x such that u 2 is adjacent to u 1 . In other words, any node in P \nd(T x ) can be connected to T x by a path whose length is no more than 2. Therefore, we have:
Let P * be the minimum node set in G such that N ⊆ v∈P * σ(v). Note that for any node v ∈ V , |σ(v)| is at most ∆ + 1. Since Step 1-7 of Algorithm 1 can be seen as a greedy set covering algorithm proposed in [9] , we have:
On the other hand, N is also a subset of
Thus:
Using (1)- (4), we can get: 
Proof: (i): Each node u in N must transmit its own p(u) data packets. Therefore, the total energy consumption for transmitting data packets in an all-to-all multicast session is at least
On the other hand, the total energy consumption for receiving the data packets originated from u is p(u) · (|nd(T )| − 1) · ε r . Therefore, we have:
(ii): The total energy consumption for realizing an all-to-all multicast session using T can be written as:
Therefore:
The multicast tree T A constructed by Algorithm 1 has an approximation ratio of 4ln(∆ + 1) + 7 for the MEAM problem.
Proof: Since |lv(T A )| ≤ |N |, using (5) we can get:
Let κ = ∆ + 1. Using Lemma 2, Lemma 3 and (6), we have:
B. Approximation Algorithm for the Adjustable-TransmissionPower Case
When the transmission power of each node is adjustable, any node u in a multicast tree T must use the transmission power M ax{d α (u,v) |v ∈ neighbors(u, T )} to transmit the data packets. Therefore, different nodes may use different transmission power to forward the data packets. This makes the MEAM problem more complex.
To design an approximation algorithm for the MEAM problem in the adjustable-transmission-power case, we still try to build a multicast tree whose sum of transmission power of internal nodes is the minimum, since the internal nodes are still the forwarding nodes with heaviest loading. Let λ(u, T ) = M ax{d α (u,v) |v ∈ neighbors(u, T )}, and let T W be a multicast tree such that Θ(T W ) = u∈in(T W ) λ(u, T W ) is minimized. Our idea is to find a multicast tree which approximates T W , thus can approximate T opt . However, to prove the approximation ratio of such an approach, we need to find a quantitative relationship between Θ and Ψ. Fortunately, we find such a relationship in Lemma 6. However, to prove Lemma 6, we must introduce Lemma 4 and Lemma 5, which provide upper bounds of the total energy consumption for transmitting and receiving data in the MEAM problem, respectively.
Lemma 4: For any multicast tree T spanning the nodes in N , the total energy consumption of transmitting all data packets using T in an all-to-all multicast session is at most 2k · Θ(T ).
Proof: Each internal node in in(T ) must transmit every data packet sent by every destination node. So the total energy consumption for transmitting data packets by the internal nodes in T is:
Any degree-one node in T has a unique neighboring node in T . Therefore, there exists a function f : lv(T ) → in(T ) such that f (u) is the unique internal node adjacent to u(∀u ∈ lv(T )). Let Z = {f (u)|u ∈ lv(T )}. Clearly, for any degree one node u in T , we have λ(u, T ) ≤ λ(f (u), T ). Since each degree one node in lv(T ) only needs to transmit its own data packets, the total energy consumption for transmitting data packets by the degree-one nodes in T is:
Combining (7) and (8), the lemma follows. Lemma 5: For any multicast tree T spanning the nodes in N , the total energy consumption of receiving all data packets using T in an all-to-all multicast session is at most Ψ(T opt ) + k · Θ(T ).
Proof: Since for any node v in T , ε r ≤ λ(v, T ), we can get:
The total energy consumption for receiving all the data packets by the nodes in T is k · (|nd(T )| − 1) · ε r , and since |lv(T )| ≤ |N | ≤ nd(T opt ), we have:
Lemma 6: Let T W be a multicast tree spanning the nodes in N such that Θ(T W ) is minimized. For any multicast tree
Proof: With Lemma 4 and Lemma 5 we know
Using (7), we know:
Thus the lemma follows. Next, we prove by Lemma 7 that an approximate MST constructed by the algorithm in [8] actually approximates T W within a constant approximation ratio.
Lemma 7: Let T S be the approximate edge-weighted minimum Steiner tree spanning the nodes in N , which is constructed by the algorithm provided in [8] . We have:
Proof: For any multicast tree T spanning the nodes in N , we denote by ζ(T ) the sum of the weights of the edges in T . For any node u in in(T W ), we denote by T (u) W the Euclidean minimum spanning tree of the nodes in {u} ∪ neighbors(u, T W ). According to [3] , we have:
Let G be the graph constructed by superposing the T
(u)
W 's for all u ∈ in(T W ). Let T z be an arbitrary spanning tree of G . We can get:
Let T * S be the optimal edge-weighted minimum Steiner tree spanning the nodes in N . We have:
Note that the weight of any edge in T S can be counted at most twice in Θ(T S ), so
Combining (11)- (13), we can get:
Since the approximate MST algorithm proposed in [8] has the time complexity of O(|E| + |V | log |V |), using Lemma 6 and Lemma 7 we can easily get:
Theorem 2: There exists an approximation algorithm for the MEAM problem with a constant approximation ratio of 145. The time complexity of the approximation algorithm is O(|E| + |V | log |V |).
V. DISTRIBUTED APPROXIMATION ALGORITHMS FOR THE MEAM PROBLEM
In this section, we first provide a distributed approximation algorithm for the MEAM problem when the transmission power of each node is fixed. The distributed algorithm can be described as follows. Initially, all the nodes in N are colored red, and all other nodes in the network are colored white. Then each red node broadcasts a message "Election" with its own ID. When any red node receives an "Election" message, it compares its own ID with the received ID. If its own ID is smaller, it replies a message "Accepted"; otherwise it replies a message "Denied". When any non-red node receives an "Election" message, it simply replies a message "Accepted". When a red node received "Accepted" messages from all its neighboring nodes, it colors itself green, and broadcasts a message "Winner" with its own ID. When a red node receives a "Winner" message, it colors itself grey, and records the sender's ID. This process repeats until no red nodes exist. Then, a distributed approximate minimum Steiner tree algorithm proposed by [10] is employed to construct a steiner tree J that spans all the green nodes. Finally, a mutlicast tree T R is constructed by joining all the grey nodes to J. Clearly, any grey node is a degree-one node in T R .
Next, we prove that the above distributed algorithm has an approximation ratio of 13. See Theorem 3:
Theorem 3: Ψ(T R ) ≤ 13Ψ(T opt ) Proof: Let the set of all the green nodes be M . From the above distributed algorithm it can be easily known that the nodes in M are mutually independent. Therefore, any node in in(T I ) can be adjacent to at most 5 nodes in M [11] . On the other hand, since any node u in M is a destination node in N , u is either in in(T I ) or is adjacent to certain node in in(T I ). So we can get:
Let the optimal minimum Steiner tree spanning the nodes in M be J * . So:
Since any green node is either in in(T I ) or is adjacent to certain node in in(T I ), we can find a Steiner tree spanning the nodes in M whose number of nodes is at most |M |+|in(T I )|. Therefore, we have:
Combining (14)- (16), we can get:
Then, using the reasoning similar to the proof of Theorem 1, we can know Ψ(T R ) ≤ 13Ψ(T opt ).
When the transmission power of each node can be adjustable, we can directly use the distributed algorithm proposed by [10] to construct an approximate minimum Steiner tree as the solution to the MEAM algorithm. The approximation ratio of such a distributed algorithm for the MEAM problem is the same as that of the centralized algorithm proposed in Section IV, which is 145.
VI. CONCLUSION
We studied the Minimum-Energy All-to-all Multicasting(MEAM) problem in multi-hop wireless networks, where the transmission power of each wireless node could be either fixed or adjustable. Since the MEAM problem is NP-complete, we provide both centralized and distributed approximation algorithms with guaranteed approximation ratios. Our approximation ratios are exponentially better than that of the bestknown approximation algorithms for the MEAM problem.
